The study of the influence of external factors on FAME is increasingly being taken up with research topics. Under natural conditions, they are subject to aging. However, such studies are time-consuming, and it is difficult to find the right aging inhibitors. In the presented work an attempt was made to apply ionizing radiation to induce changes in FAME. On the basis of GC-MS results, a reduction of mainly methyl esters containing C=C double bonds can be observed. This indicates the occurrence of polymerization reactions induced by radicals arising during the absorption of ionizing radiation.
Introduction
According to the recommendations of Directive 2009/28/EC of the European Parliament and of the Council, until 2020 European Union member countries are obliged to achieve 10% share of biofuels in general use of petrol and diesel fuel in transport [1] . European Union requirements, combined with the awareness of finite natural resources and care for the environment, create need for research and development of new technologies for producing and improving biofuels. Biofuels are gas or liquid products of biomass conversion, which is fundamental renewable energy source. Biomass is a general term for organic matter of living organisms. Substrates for obtaining biofuel are e.g.by-products generated by various kinds of plants, animals and in agriculture and forestry, industrial waste based on living organisms and crops cultivated to produce biofuel [2] . Generally, depending on raw material used, biofuels can be divided as following:
• first generation biofuels, obtained from edible crops, • second generation biofuels, derived from uneatable resources, • third generation biofuels, produced from algae [3] .
Among biofuels that can be classified into each of above groups there is biodiesel. Biodiesel is the name for a variety of ester-based oxygenated fuels (and their blends with diesel fuel) for compression-ignition engines. Chemically, biodiesel consists of monoalkyl esters of long-chain fatty acids derived from renewable biolipids. Biodiesel [commonly known as FAME (Fatty Acid Methyl Esters)] is obtained in transesterification, which is the reaction of triglycerides with a short-chain alcohol, usually methanol or ethanol. Due to exchange of alkoxy groups fatty acid alkyl esters are formed, as well as glycerol as a by-product [4] .
Biodiesel, apart from the obvious advantages (e.g. high flash point [4] , high biodegradability [5] and low Particle Matter, Hydrocarbons and CO emissions [6] ), has some drawbacks. The most important are oxidation stability problems and resulting negative effect on plastics and other engine elements [7] . Such disadvantages make the methods have been developed for improving the properties of biodiesel.
In the literature a lot of information can be found, concerning overview on the principles of radiation sources, the physics of energy absorption processes and the resulting radiation effects in organic materials and polymers where the reactions are often referred to as 'radiation chemistry', i.e. the chemical changes and reactions induced by the deposition of radiation energy [8] [9] [10] [11] [12] [13] [14] [15] [16] . Both 60 Co and e-beam sources can be used to induce changes in organic and inorganic materials, but e-beam in comparison with 60 Co source can be turned on and off. The radiation chemistry in organic materials (polymers and small molecules) depends on individual bond sensitivities and the chemical make-up of the material [8] . As is well known, radiation chemistry involves bond cleavage and bond formation (cross-linking, leading to larger molecules). Radiation induced reactions in organic materials involve a broad spectrum of processes, to name a few: detrimental and long-term polymer degradation, controlled curing of reactive resins initiated by e-beam, polymer modifications via radiation induced grafting reactions, surface modifications of biomaterials, radiation induced depolymerization which is positive when degradation and low molecular weights are required (i.e. recycling) and negative when uncontrollable materials degradation occurs, sterilization of materials, oxidation and rapid breakdown of organic contaminants (i.e. water purification), organic waste processing (scission and breakdown of molecules in sludge and solution), and many others [8] [9] [10] [11] .
In the industry the electron beam has a relatively more applicability compared to a gamma. In the case of electron beam energy can be fluently change, whereas gamma irradiation energy is dependent on applicable nuclide. Additionally, electron beam can be turn off at any moment. In case of gamma rays, emission energy of usually used nuclide 60 Co is 1.17-1.33 MeV (average 1.25 MeV), and emission energy of nuclide 137 Cs is 0.667 MeV which is constant [13] . In the literature there is a lot of information concerning the preparation of microorganisms for synthesis of biofuels or sterilization materials for FAME production, such as algae [17] [18] [19] [20] [21] . During this processes structure of fatty acid chain can be changed, which will cause change in biodiesel properties.
The aim of this work is to study changes in composition of biodiesel irradiated by electron beam and to analyze them considering the influence of absorbed dose.
Experimental
The subject of this study was biodiesel derived from rapeseed (Rapeseed Methyl Esters, RME) produced in Poland, whose composition is presented in Table 2 as a non-irradiated sample. For the study were prepared 10 samples in glass vials, each vial containing 5 mL of biofuel. All chemicals were used as received from distributors without further purification.
Pulse radiolysis experiments were carried out with a high energy (6 MeV) 17 ns electron pulse generated from an ELU-6 linear electron accelerator. During the tests, the accelerator worked in a pulse mode with 20 Hz sweep. The current in the 4 µs pulse was 0.8 A, at 20 Hz (50 ms period), and the impulse duration was 4 µs, which gives 49.996 ms without electricity. Each pulse consisted of 7500 micropulses (50 ps each).
The dose absorbed per pulse was determined on the basis of Fricke dosimeter (Fe(II)/Fe(III)) adapted to work with high doses. The dose delivered per pulse was 680 Gy. Details of pulse radiolysis system are given elsewhere [22, 23] . All experiments were carried out at room temperature and no aerator was used. The tests used glass ampoules according to DIN 58 377. All ampoules had the same thickness of the walls. Equipped with a ring to facilitate removal of the upper part of the ampoule. Calculated absorbed doses of all samples are presented in Table 1 .
After irradiation, ultraviolet-visible (UV-Vis) and infrared (IR) spectra of the samples were recorded. In the study spectrophotometers PerkinElmer LAMBDA™ 750 UV/Vis/ NIR and Mattson Genesis II FT-IR were used. Composition of samples was examined with the use of gas chromatograph Agilent 7890A with selective mass detector 5975C, according to PN-EN 14103 [24] . All of the research work for the irradiated samples were taken 2 weeks after irradiation. This time guarantees that the observed changes are a stationary state and there are no additional recombination changes in the obtained research samples. Figure 1 presents UV-Vis spectra of all samples. The '0 kGy' label relates to nonirradiated reference sample.
Results and discussion

UV-Vis spectroscopy
As can be seen in Fig. 1 , changes that are possible to interpret occur in chromophores absorbing in the range 250-300 nm ( Fig. 2 ) and 370-530 nm (Fig. 3) . From the points of view changes in RME composition other ranges can be neglected or there are no observable changes.
Radiation in the wavelength range from 200 to 800 nm is absorbed mainly by double bond systems exist in non-saturated fatty acid methyl esters. They can include from several to over a dozen bonds, depending on the compound [25] . As shown in Fig. 2 , for the samples irradiated by the smallest doses (from 0 to 10.5 kGy) there is no significant change in absorption curves. At higher doses, as the dose increases to 40.61 kGy, the absorption decreases and then remains at approximately the same level. In this region can be observed two maxima distinguished-the first at about 270-272 nm and the second at about 283-284 nm. Absorption in this range occurs due to the transfer of electrons from bonding π to antibonding π* orbitals in conjugated systems of several double bonds [25] . Unsaturated esters are probably responsible for the absorption, but it is also possible that pigments present in biodiesel are involved. Regardless of the actual explanation, it can be concluded that due to ionizing radiation a reduction in the number of double bond systems occurs.
In the range 370-530 nm presented on Fig. 3 there are two very clear absorption maxima at the wavelengths of 450 nm and 485 nm. Conjugated with unsaturated bond systems exhibit absorption in visible light, e.g. β-carotene containing 11 double bonds has the absorption maximum at 445 nm [25] . Additionally, in this region can be observed absorption with maximum at 425 nm.
In the presented visible range, there is clear correlation between the absorption intensity and the dose absorbed by samples. With the increase in dose, the absorbance decreases, i.e. the amount of carotenoids present in biodiesel is reduced due to the destruction or transformation of unsaturated bond systems. Similar phenomena may occur in biodiesel itself. It is well known that carotenoids are good protectors of free radicals. Unfortunately, the removal of carotenoids from biodiesel adversely affects its properties. It disregards the possibility of free radicals resulting from the influence of external conditions such as light or elevated temperature. Figure 4 shows how the dose affects the rate of removal of carotenoids.
According to this figure, it can be observed that up to a dose equal to 5.6 kGy absorbance changes [and thus c = f(A)] concentrations are negligible. In this dose range, there is no change in absorbance relative to the non-irradiated sample.
The absorbance changes occur in the dose range from 5.6 to 60.2 kGy. Over 60.2 kGy changes take on a statistical character. According to the presented dependence of the absorbance study on the occurrence of chromophore groups from carotenoids, this type of test can be used to determine the sterilization dose for biodiesel to eliminate biological life, but to preserve the full properties of the fuel.
IR spectroscopy
For a more comprehensive study, infrared spectroscopy was also used. IR spectra were normalised and presented in Fig. 5 .
Tested RME samples consist of many esters of different fatty acids and residual amount of methanol after distillation process in refinery. Esters have long hydrocarbon chains (often containing unsaturated bonds) and functional ester groups -COO-, which causes overlapping of many bands. Therefore, the interpretation of the results is difficult.
In the range 1000-1600 cm −1 there are many bands corresponding to vibrations of C-H and C-O bonds, but they are hard to distinguish [25] . From the analytical point of view, these are vibrations corresponding to the bonds of higher fatty acids found in methyl esters, such as C-H, C-C, which occur in large quantities, which affects the inability to observe their changes.
Analysing the IR spectrum can be observed two ranges of interest, which include ranges of 1600-1800 cm −1 and 2780-3050 cm −1 . In the first of them one can observe changes occurring in C=C bonds and no changes in the case of C=O bonds (Fig. 6a) . Based on this data it can be concluded that during the interaction of ionizing radiation with RME esters being a mixture of saturated and unsaturated esters, the ester bond -COO-does not change, whereas the C=C unsaturated bond which may break or polymerize. Similar conclusions can be observed based on Fig. 6b , in the case of which no changes are observed in the case of C-H bonds, while the change in the vibration severity occurs for the bond = C-H.
Composition of samples (ester content)
To accurately investigate changes in the composition of irradiated RME samples, gas chromatography was used. Measurements were made in accordance with the requirements of PN-EN 14103 [24] . Determined content of all esters present in biodiesel samples is shown in Table 2 . The number accompanying 'C' letter represents the total quantity of carbon atoms in the ester chain, an additional number indicates the amount of unsaturated bonds. As can be observed based on Table 2 , esters which concentrations decreases most are those which content in RME is the highest. The radiation reacts with the main constituents of biodiesel (the so-called matrix of the sample), that is why esters at low concentrations are not affected.
Electron radiation mostly influences on unsaturated methyl esters, such as methyl oleate (C18:1), methyl linoleate (C18:2), methyl linolenate (C18:3), methyl eicosanoate (C20:1) and saturated methyl palmitate (C16). Changes in concentration of these esters were presented in Fig. 7 .
The most distinct difference in esters content was observed for methyl linoleate and methyl linolenate. For this samples the largest changes were observed between the nonirradiated sample and sample after radiation dose equalled 0.7 kGy. This change was observed up to 10.3 kGy. Further changes are not so significant considering the rate of increase in dose. Ester content and radiation dose are very well linearly correlated (R2 higher than 0.9) for the methyl ester acid C16, C18:1 and C20:1. For these esters up to 10.3 kGy decrease concertation in correlation with radiation dose. It can be caused by polymerization unsaturated esters or degradation reaction of hydrocarbons chains what was observed on the basis IR results too.
The changes in the total concentration of esters were presented in Fig. 8 confirm the facts that up to 10 kGy they are the most important changes in the composition of the samples. In the range from 0 to 10 kGy changes are nearly linear with a coefficient R 2 equal to 0.8195. At these doses the total concentration of the methyl esters of biodiesel decreases almost twice. In the doses range studied, the total concentration of methyl esters in biodiesel is decreasing from 96.89% for non-irradiated biodiesel to 37.55% for a radiation dose equal to 239.8 kGy. After exceeding the dose of 10 kGy the changes are less intense, which suggests reducing the intensification of the polymerization reaction. After exceeding this dose, it is most likely that they start the degradation reaction of the resulting polymers as indicated by the lack of clear changes in the concentrations of esters also containing unsaturated bonds. The presented studies show that small doses of ionizing radiation adversely affect the composition of RME. For a dose of 0.7 kGy, the concentration is reduced to 73.06 kGy, which according to the PN-EN 14214 [26] standard, makes it impossible to use this biodiesel as a diesel fuel.
Dendrogram analysis
Banding patterns generated for the data from analysis described in this article were used for cluster analysis and the creation of a dendrogram (Fig. 9) . The dendrogram was performed using the TANAGRA software package [27] . The dendrogram was created using unweighted pair groupings of a similarity coefficient (S AB ) matrix, and consistently resulted in the groupings shown in Fig. 9 . On the basis of this analysis the samples were divided into two clusters. Each group corresponds to different changes in sample composition. The first group is associated with low radiation doses that directly connect to the nonirradiated sample. In this group of samples reduced the concentration of the As results from this analysis, the sample irradiated with the highest radiation dose shows a greater similarity to the samples irradiated with the dose in the range of 10-40 kGy than 60-100 kGy. This indicates the statistical effect of high radiation doses on hydrocarbon chains in methyl esters of higher fatty acids. Cluster analysis confirms observations resulting from direct analysis of data obtained from UV-VIS and GC studies. These results confirm that polymerization reactions occur up to 10 kGy. Above this dose degradation reactions begin. The polymers formed in the first phase of irradiation are being degraded. This reaction path is indicated by the lack of further decrease in the concentration of methyl esters being components of RME. Analysis using the dendrogram in the future could be used to quickly assess the radiation dose that has been applied to the tested biodiesel samples. Especially important is this information in the case of further use of biodiesel, as fuel for self-ignition engines, for which it must meet the parameters contained in the PN EN ISO 14214 standard.
Conclusions
Ionizing radiation initiates chemical reactions in the test samples of RME. The reactions were concern with decrease of C=C bonds number, whereas C=O bonds remain intact. This is caused the presence of esters containing one, two or three double bonds C=C. Analysis in ultraviolet-visible range indicates that electron beam mainly influences on unsaturated bonds in ester chains. However, the UV-Vis spectroscopy results may be affected by the presence of carotenoids in biodiesel (the range from 370 to 530 nm). In the range from 260 to 300 nm was observed changes in double bound systems. As was shown on the basis of conducted research these systems changed due to increase of radiation dose. According to PN-EN ISO 14214 guidelines, the concentration of methyl esters in the RME used as a biofuel should be above 96.5%. According to the research results, the application of the lowest 0.7 kGy dose results in a significant reduction in the ester content and in not meeting the quoted norm. Based on GC-MS results, a reduction of mainly methyl esters containing C=C double bonds can be observed. This indicates the occurrence of polymerization reactions induced by radicals arising during the absorption of ionizing radiation.
The most important problem in the operation of biodiesel is the rapid development of biological microflora, which significantly worsens its physicochemical properties. This work is a very important step in order to deal with unconventional methods of eliminating this problem already at the FAME production stage (in Central and Eastern Europe, mainly RME). The use of ionizing radiation can cause sterilization of the biofuel obtained and thus avoid the development of microbiological life in storage tanks. However, the use of this solution requires learning about the influence of radiation on the composition of biodiesel, as well as physicochemical parameters, which is the subject of future research by the authors of the work. 
